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Abstract Effective tsunami risk reduction requires an understanding of how at-risk
populations are specifically vulnerable to tsunami threats. Vulnerability assessments pri-
marily have been based on single hazard zones, even though a coastal community may be
threatened by multiple tsunami sources that vary locally in terms of inundation extents and
wave arrival times. We use the Alaskan coastal communities of Cordova, Kodiak, Seward,
Valdez, and Whittier (USA), as a case study to explore population vulnerability to multiple
tsunami threats. We use anisotropic pedestrian evacuation models to assess variations in
population exposure as a function of travel time out of hazard zones associated with
tectonic and landslide-related tsunamis (based on scenarios similar to the 1964 Mw 9.2
Good Friday earthquake and tsunami disaster). Results demonstrate that there are thou-
sands of residents, employees, and business customers in tsunami hazard zones associated
with tectonically generated waves, but that at-risk individuals will likely have sufficient
time to evacuate to high ground before waves are estimated to arrive 30–60 min after
generation. Tsunami hazard zones associated with submarine landslides initiated by a
subduction zone earthquake are smaller and contain fewer people, but many at-risk indi-
viduals may not have enough time to evacuate as waves are estimated to arrive in 1–2 min
and evacuations may need to occur during earthquake ground shaking. For all hazard
zones, employees and customers at businesses far outnumber residents at their homes and
evacuation travel times are highest on docks and along waterfronts. Results suggest that
population vulnerability studies related to tsunami hazards should recognize non-resi-
dential populations and differences in wave arrival times if emergency managers are to
develop realistic preparedness and outreach efforts.
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1 Introduction
A significant element of tsunami risk reduction is educating at-risk populations about the
potential for future events, how they should prepare, and what they should do if a tsunami
is detected (National Research Council 2011). Although fairly simple in the abstract,
preparing at-risk populations for future events in a specific community is challenging for
public officials given the potential vulnerability to multiple types of tsunami sources, the
inherent uncertainty of where and how large the next event will be, and the high spatial and
temporal variability of the population. Developing effective tsunami preparedness strate-
gies requires an understanding of not only the tsunami hazard but also how individuals are
vulnerable to the hazard, in terms of their exposure (e.g., magnitude and spatial proximity),
sensitivity (e.g., mobility issues, language barriers, or cultural constraints), and adaptive
capacity (e.g., awareness, preparedness, and evacuation potential).
To support tsunami preparedness and education efforts, there has been considerable work
in recent years to characterize population vulnerability to tsunamis, including exposure
assessments (Wood 2007; Lovholt et al. 2012), demographic sensitivity analyses (Wood
et al. 2010), pedestrian evacuation modeling (e.g., Jonkmann et al. 2008; Post et al. 2009;
Yeh et al. 2009; Wood and Schmidtlein 2012, 2013; Freire et al. 2013), and vertical evac-
uation siting (Park et al. 2012; Wood et al. 2014). All of these efforts contribute to under-
standing whether or not at-risk populations would have sufficient time to evacuate hazard
zones before tsunami waves arrive and for recognizing what landscape or demographic
characteristics may hinder their ability to evacuate. To date, efforts to characterize popu-
lation vulnerability to tsunamis have focused primarily on residents and on single tsunami
hazard zones. Focusing only on residents may be problematic if a coastal community has a
significant workforce and tourism component along its waterfront. With regard to tsunami
source, hazard and evacuation maps designed for the public typically reflect one zone that
characterizes a single, worst-case scenario (e.g., Walsh et al. 2000) or a maximum zone that
summarizes multiple sources (e.g., Nicolsky et al. 2011, 2013; Suleimani et al. 2002, 2010;
Wilson et al. 2008), although there are exceptions that include distant and local tsunami
hazard zones (e.g., Oregon Department of Geology and Mineral Industries 2013).
The decision to only show one hazard or evacuation zone is often rooted in the desire to
prepare communities for worst-case tsunami scenarios and to minimize potential confusion
in understanding and properly reacting to information about multiple zones (National
Research Council 2011). However, the spatial extent of potential inundation in a coastal
community and wave arrival times can vary dramatically when comparing distant tsunamis
generated thousands of kilometers away, local tsunamis caused by a large-magnitude
earthquake, or a local tsunami caused by a landslide or volcanic eruption. The intended
response of an at-risk population will also vary depending on the threat, ranging from self-
evacuations in a matter of minutes for local sources (earthquakes, landslides, and erup-
tions) to managed evacuations involving multiple agencies over the course of several hours
for a distant tsunami. There also may be tsunami events on the spectrum between these two
types, such as waves that are generated by a relatively local earthquake but take more than
an hour to arrive due to regional bathymetry and distance from the epicenter. The com-
munication of multiple tsunami threats may be challenging in public outreach but may be
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critical, given the potential implications for community preparedness, evacuation maps
developed for the public, and evacuation procedures.
To explore potential issues related to portraying multiple tsunami sources as a single
hazard zone, we examine variations in population vulnerability based on multiple tsunami
threats in the Alaskan coastal communities of Cordova, Kodiak, Seward, Valdez, and
Whittier (Fig. 1). We focus on documenting variability in population exposure as a
function of travel time out of hazard zones in these communities based on multiple tsunami
scenarios and anisotropic pedestrian evacuation models. We chose these Alaskan com-
munities because of the range in nearby tectonic and landslide-related tsunami sources and
varied geography, yet they share the common issue of how to best educate and prepare
their at-risk populations for future tsunamis. There is also extensive documentation of
tsunami impacts in these communities from the 1964 Mw 9.2 Good Friday earthquake
disaster (e.g., Lemke 1967; Norton and Haas 1970; Rogers 1970; Arno and McKinney
1973; Barry 1995; Lander 1996) and recent efforts to model future tsunami threats (e.g.,
Nicolsky et al. 2011, 2013; Suleimani et al. 2010, 2002). Our research will help Alaskan
officials in their efforts to develop awareness and preparedness strategies that address
multiple tsunami threats. This case study also highlights issues of population vulnerability
that are likely to be common in other coastal communities throughout the world that are
threatened by multiple types of tsunami hazards.
2 Study area
The proximity of the seismically active Alaska–Aleutian subduction zone has made
Alaskan coastal communities on the northern Pacific Ocean susceptible to past tsunamis
generated by local earthquakes, distant earthquakes, landslides, and volcanic eruptions
(National Geophysical Data Center/World Data Service 2014). The most significant local
tsunami to strike Alaskan coastal communities in recent history was associated with the
Mw 9.2 Good Friday earthquake that occurred on March 27, 1964, centered in the Prince
William Sound region (United States Geological Survey 2012). Earthquake ground shaking
lasted approximately 3–4 min (Grantz et al. 1964; Hansen et al. 1966). Tsunami waves
were measured throughout the Pacific Ocean basin and ultimately were responsible for 124
deaths and $119 million in losses ($USD, 1964 dollars), making it the costliest and second
deadliest tsunami event in US history (National Geophysical Data Center/World Data
Service 2014).
Two types of tsunamis were generated in Alaska during the 1964 Mw 9.2 Good Friday
earthquake. Regional tsunamis were generated from the initial displacement of the sea
floor within the rupture area and waves struck several Alaskan communities within
25–45 min after initial ground shaking, which began at 5:36 p.m. (Alaska Standard Time).
The waves continued to strike almost hourly until the next morning (National Geophysical
Data Center/World Data Service 2014). Tsunamis were also generated by massive sub-
marine landslides along the waterfront of several coastal communities that were initiated
within seconds by the initial earthquake ground shaking (Lemke 1967). These landslide-
related tsunamis were typically confined to the bay in which the landslides occurred, but
inundated coastal communities in \2 min after initiation by the earthquake ground
shaking, suggesting that inundation occurred during the 3–4 min of earthquake ground
shaking. Eyewitnesses of the 1964 disaster in Valdez reported that waterfront structures
slid into the water within seconds of the first tremor, followed almost immediately by
tsunami waves (Coulter and Migliaccio 1966).
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For this study of multiple tsunami threats, we focus on five Alaskan coastal commu-
nities (Cordova, Kodiak, Seward, Valdez, and Whittier; Fig. 1) due to recent efforts to
model tsunami threats from multiple sources in these areas, as well as the extensive
damage they suffered from both earthquake- and landslide-related tsunamis during the
1964 disaster. A full account of damages to these communities has been well documented
elsewhere (e.g., Lemke 1967; Norton and Haas 1970; Rogers 1970; Arno and McKinney
1973; Barry 1995; Lander 1996), but the following summarizes tsunami-related impacts
during the 1964 disaster.
• Seward Landslide-related waves were the first to strike and were generated when
portions of an alluvial fan, which were exposed due to low tide, began to slide into the
adjacent bay 30–45 s after the start of the initial ground shaking (Lander 1996; Lemke
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Fig. 1 Regional map showing community locations and maps of modeled pedestrian evacuation travel
times in Cordova, Kodiak, Seward, Valdez, and Whittier (Alaska, USA) relative to maximum tsunami
hazard zones and assuming a slow walking speed of 1.1 m/s. Map extents for each community vary
considerably and are based on the extent of resident and employee locations within a community
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269 houses were heavily damaged, and approximately $22 million in reconstruction
costs as a result of damage from ground shaking and tsunami flooding (Lemke 1967;
Suleimani et al. 2010).
• Valdez A tsunami was generated when a massive submarine landslide of approximately
75 million m3 of unconsolidated material slid into the bay. Waves arrived
approximately 45 s after the initial shaking and inundated the waterfront up to two
blocks inland, killing 30 people at the city dock (Lander 1996; Nicolsky et al. 2013).
• Cordova Cordova experienced the least amount of damage attributed to seismic activity
or tsunami flooding from the 1964 event and had one casualty from drowning due to
tsunami flooding at a nearby fishing camp. The first noticeable tsunami wave occurred
approximately over an hour after initial ground shaking. No landslide-related tsunami
waves were reported during the 1964 event (Nicolsky et al. 2014; Lander 1996).
• Kodiak Tsunami waves associated with the earthquake hit shore approximately 40 min
after the shaking began and destroyed the harbor and many waterfront properties, as
well as killing six people; however, landslide-related waves were not reported (Lander
1996; Suleimani et al. 2002).
• Whittier Although the smallest of communities in this study, Whittier suffered the
largest proportional loss of life when 13 of its 70 residents in 1964 died due to a
landslide-generated tsunami which arrived about 1 min after the initial shaking was
felt. Extensive earthquake and tsunami-related damage destroyed the small boat harbor,
stub pier, car-barge slip dock, U.S. Army storage tanks, a lumber camp (where 12 of the
13 fatalities occurred), and damaged the FAA station, airstrip, highway, and railroad
bridges spanning Whittier Creek (Lander 1996; Nicolsky et al. 2011).
3 Methods
To characterize variations in population vulnerability due to multiple tsunami threats in the
various Alaskan coastal communities, we estimated population distributions using various
demographic data and modeled pedestrian evacuation potential out of hazard zones.
Pedestrian evacuation potential was modeled using an anisotropic, least cost distance
(LCD) model implemented in ESRI’s ArcMap 10.1/SP1 software, following methods
described in greater detail in Wood and Schmidtlein (2012, 2013). We chose a LCD
approach over an agent-based approach (e.g., Yeh et al. 2009) because we wished to focus
on the evacuation landscape, instead of anchoring results to a specific scenario of popu-
lation magnitudes and locations. This LCD approach focuses on landscape characteristics
related to elevation and land cover to calculate the most efficient path from every location
in a hazard zone to the boundary of the zone, with the difficulty of traveling through each
location represented as a cost surface. Anisotropy incorporates direction of travel (e.g., the
influence of a given slope will vary whether travel is uphill, downhill, or perpendicular to
the slope). The path distance approach within LCD modeling calculates distances and
slopes between cells of varying elevations. The modeling estimates travel times based on
optimal routes; therefore, actual travel times may be greater due to evacuee route pref-
erences and environmental conditions during an evacuation.
Data required for the pedestrian evacuation modeling include a hazard zone, elevation,
and land cover. Various tsunami hazard zones were used to delineate likely areas of
inundation in the five communities (Table 1). To represent tectonically generated wave
scenarios in each community, we used the maximum tsunami hazard zone, which reflects
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multiple earthquake scenarios similar to the 1964 event in Alaska, instead of a specific
tectonic scenario. We did this in order to capture the full extent of potential inundation
related to seismic generation since inundation extents from individual scenarios had subtle
variations due to inherent uncertainties in seismic source parameters. Tectonic scenarios
identified in Table 1 were chosen only to approximate wave arrival times and represent the
closest approximation to the maximum tsunami hazard zone in terms of spatial extent.
Estimated arrival times for the first waves in the worst-case tectonic tsunami sources that
we considered are on the order of 30 (Seward) to 60 min (Cordova), but actual arrival
times will depend on each community’s distance from the fault displacement. The first
wave may represent the largest wave in some communities (Valdez, Seward, Cordova), but
may be followed by larger waves in other communities (Kodiak, Whittier); therefore,
complete inundation of the modeled hazard zones may or may not occur with the first wave
(Table 1). Because models cannot fully capture all aspects of future events, there is also the
possibility of smaller waves that arrive sooner than expected and inundate portions of the
hazard zone. Landslide tsunami scenarios have been developed for Seward, Valdez, and
Whittier and each represent various landslide scenarios similar to 1964 experiences.
Estimated wave arrival times for landslide-related tsunamis are on the order of 1 min in
Seward and Whittier and 2 min in Valdez based on tsunami modeling (Table 1).
Various digital elevation models and imagery (Table 2) were used to develop model
input grids of speed conservation values (SCV), which represent the proportion of maxi-
mum travel speeds that are expected at a location with given conditions. Digital elevation
models were used to derive slope, which was then coupled with a lookup table based on
Tobler’s (1993) hiking function that converts slope to SCV. Imagery was used to manually
classify and map land cover, which was then reclassified into SCV based on terrain-energy
coefficients discussed in Soule and Goldman (1972). Values include ‘‘No Data’’ to note
where travel is not possible (e.g., over water and through fences or buildings) and then a
range from 0.5556 to 1.0 to note the percentage of the base travel speed (assuming constant
energy expenditure). SCV were mapped for impervious surfaces (1.0), grass, dirt/gravel
surfaces, and other developed areas (0.9091), light brush (0.8333), heavy brush (0.6667),
and wetlands, sand, and shoreline (0.5556).
Cost surfaces that integrate land cover and elevation SCV maps were generated using
ESRI’s Path Distance tool and then converted to maps of pedestrian travel times using a
travel speed assumption of a slow walk at 1.1 m/s (United States Department of Trans-
portation 2009). A slow walk travel assumption is typically preferred given a mixed
population with ranges in age and physical mobility (Wood and Schmidtlein 2012).
Because of the slow travel speed assumption and the likelihood that many at-risk popu-
lations will move faster, estimates of population exposure as a function of travel time
should not be interpreted as definitive estimates of safety or mortality. Waves associated
with future events may not arrive exactly as modeled, resulting in different inundation
patterns and arrival times, such as smaller waves arriving sooner than modeled results.
Additional factors that may increase travel times are environmental conditions at the time
of an evacuation (e.g., inclement weather, snow cover, and nighttime) and impacts to
evacuation routes due to other seismic hazards (e.g., ground shaking, ground rupture,
lateral spread, liquefaction, and rubble of damaged structures from ground shaking). For
the landslide-related tsunami hazard zones, we modeled travel times also assuming a slow
walking speed of 1.1 m/s. Eyewitnesses of the 1964 earthquake describe ground shaking
strong enough to stop a moving person, rolling landscapes with vertical displacements on
the order of 1 m, and people not reacting until the severe ground shaking ended (Coulter
and Migliaccio 1966). Therefore, we assume that if individuals do attempt to evacuate
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during the ground shaking, then they will be effectively moving at a slow walking speed
because of the limitations posed by the landscape.
Various datasets were assembled to characterize the at-risk population. Residential
estimates were created by manually identifying residential structures in the imagery and
then disaggregating block-level population estimates in the 2010 U.S. Census Bureau count
(United States Census Bureau 2012) to residential structures. Employee points were
developed using a 2011 version of the Infogroup Employer Database (Infogroup 2011),
which is a proprietary database that includes business locations, employee counts, and type
based on the North American Industry Classification System (NAICS). We used NAICS
codes to classify certain businesses as public venues (e.g., museums, overnight accom-
modations, and parks or other outdoor venues), dependent-population facilities (e.g., child
services, elderly services, medical centers, and K-12 schools), and other community
businesses that would likely have substantial numbers of customers (e.g., banks or credit
unions, civil or social organizations, gas stations, government offices, grocery stores,
libraries, and religious organizations). Each population layer was overlaid on the evacu-
ation time maps to estimate the number of individuals or facilities in terms of travel time to
reach a boundary of the tsunami hazard zone. In addition to spatial population data, we
searched the internet for insight on additional populations related to waterfront festivals,
cruise ships, and other events.
4 Results
4.1 Population exposure to tectonic tsunamis
There are 2,861 residents and 7,150 employees in the maximum tsunami hazard zones
(which reflect tectonic wave scenarios) of the five study area communities (Fig. 2a). The
majority of residents in the hazard zone among the communities are in Kodiak (53 %),
followed by Valdez (28 %), Seward (12 %), Cordova (5 %), and Whittier (2 %). Kodiak
also had the highest percentage of the total employees in the hazard zone among these
communities, but to a lesser degree than residents (42 % of the study area employees
compared to 53 % of the residents) due to higher percentages of total employees in
Cordova (13 % compared to 5 %) and in Seward (16 % compared to 12 %).
The number of employees in the hazard zone is substantially larger than the number of
residents in the hazard zone for each community (e.g., 2:1 ratio of employees to residents
in Kodiak, a 3:1 ratio in Valdez and Seward, and a 6:1 ratio in Cordova), except in Whittier
that has relatively equal numbers (51 employees and 59 residents) (Fig. 3). This indicates
that in each community (aside from Whittier), substantial numbers of the at-risk population
do not live in the tsunami hazard zone but enter it for their jobs. From a hazard awareness
and evacuation perspective, these individuals may not be as familiar with their sur-
roundings as those that live in the hazard zone, which could delay their ability to navigate
during a tsunami evacuation.
A comparison of the number of residents in the hazard zones to the total number of
residents in the community regardless of hazard zone (based on 2010 census population
counts) indicates a strong relationship (r2 = 0.91, where r2 is the coefficient of determi-
nation and 1.0 indicates a perfect fit between data and a statistical model). If Whittier is
removed from the comparison, the r2 value increases to 0.999, indicating that Whittier is
the primary outlier. This suggests that the level of residential development in hazard zones
is related to the size of the community, wherein smaller communities have lower
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percentages of their population in hazard zones than the larger communities (e.g., Cordova
has 7 % of its 2,239 residents in the hazard zone, whereas Kodiak has 25 % of its 6,130
residents in the hazard zone). The exception is Whittier where there is a much higher
percentage of its residents in the tsunami hazard zone (27 %) than would be expected
based on the size of the community (220 residents).
The number of employees in the tsunami hazard zone also has a strong relationship
(r2 = 0.90) to the total workforce in a community. If Valdez is removed from the com-
parison, the r2 value increases to 0.997, indicating that Valdez has a disproportionate
percentage of its employees in the hazard zone relative to the other communities. For
example, Seward and Valdez have similar numbers of total employees (2,712 and 2,737,
respectively); however, the percentage of employees in the hazard zone is much lower in
Seward (42 %) than in Valdez (74 %).
Across all five communities, pedestrian evacuation times (assuming a slow walking
speed) range from 1 to 48 min to reach a boundary of the maximum tsunami hazard zones
(Fig. 1). Travel times out of hazard zones are \20 min in populated areas of Cordova,
Kodiak, Whittier, and Seward and are greater in natural areas where human occupation is
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Fig. 3 Estimated ratios of employees to residents and customers to residents in Cordova, Kodiak, Seward,
and Whittier, Alaska, based on employee populations and an assumption of 20 customers at certain types of
businesses in maximum and landslide-related tsunami hazard zones
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for much of Valdez are similar (i.e., \20 min), except for Ammunition Island (Fig. 1),
development due east of Ammunition Island, and the entrance of Lowe River southeast of
Valdez. Travel times to high ground are estimated to be as high as 45 min from the
southern shore of Ammunition Island and 35 min from the mouth of Lowe River.
The majority of residents and employees in the maximum tsunami hazard zones of all
five communities would likely require 10 min or less to reach high ground (Fig. 2a).
Although there are some segments of the Valdez landscape where travel times are higher,
residents and employees are estimated to be at locations that would require \22 min to
reach a boundary of the tsunami hazard zone (85 % of residents and 99 % of employees
requiring \10 min). Therefore, estimated travel times out of tsunami hazard zones
(assuming a slow walking speed and for the considered scenarios) may be less than the
predicted wave arrival times in all of the five communities (Table 1). Individuals on
Ammunition Island in Valdez may have sufficient time to reach high ground as well, given
estimated pedestrian travel times to reach a boundary of the tsunami hazard zone and wave
arrival time are both approximately 45 min.
In addition to residents and employees, the maximum tsunami hazard zones collectively
contain 400 public venues, dependent-care businesses or businesses and organizations that
otherwise attract significant numbers of customers (Fig. 2b). The distribution of these types
of businesses in the hazard zones is similar to that of residents and employees in that most
are in Kodiak (40 %) and Valdez (37 %). Retail businesses, restaurants, hotels, public
sector offices (e.g., city government), and service providers (e.g., law offices, realties,
beauty salon) are the most common business types in the maximum tsunami hazard zone.
For discussion purposes only, we assume that locations we identified as public venues,
dependent-care populations, and community businesses/agencies could have at least 20
visitors/customers on site during business hours. This assumption is reasonable for some
businesses (e.g., restaurant, retail, or city office) and underestimates customers at other
businesses or organizations (e.g., hotel or church). Even with this low population
assumption, the ratio of customers to residents in the maximum tsunami hazard zones
ranges from 2:1 (Whittier and Kodiak) to 4:1 (Valdez and Seward) (Fig. 3).
In all communities, businesses and offices that likely attract substantial customers are in
locations that, according to our estimates, would require\7 min for evacuees to reach high
ground (Fig. 1). Therefore, employees and customers at these businesses would have
enough time to reach a boundary of the tsunami hazard zone before tectonic-related wave
arrival (30–60 min, depending on community), providing they recognize natural cues of
imminent waves (e.g., ground shaking), are attentive to any formal warning notification,
and don’t delay in evacuating. This estimate ignores time required to leave buildings;
therefore, follow-up research may be warranted for buildings with high population counts
and limited egress options.
4.2 Population exposure to landslide tsunamis
Although results indicate that there may be sufficient time for individuals to reach high
ground before tectonically generated tsunami waves arrive, the same cannot be said for
landslide-related tsunami hazard zones. Modeling results suggest that there are large
portions of the communities with estimated travel times out of hazard zones (based on a
slow walking speed of 1.1 m/s) greater than scenario wave arrival times (1 min in Seward
and Whittier and 2 min for Valdez) (Fig. 4). The areas where evacuations may be difficult,
given the distance and small amount of time before wave arrival, are at the ends of docks in
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Seward, the majority of the Whittier waterfront, and multiple areas in Valdez (e.g., South
Harbor Road, Ammunition Island, and the mainland near Ammunition Island).
The landslide-related tsunami hazard zones in Seward, Valdez, and Whittier contain 130
residents, 543 employees, and 29 businesses or offices that likely attract significant
numbers of customers (Fig. 5). The majority of the residents (64 %) and employees (73 %)
in landslide-related tsunami hazard zones are in Valdez. Most businesses with significant
customer bases are in Seward or Valdez (both 41 % of the total employees) and are largely
tourism-related businesses (e.g., charter boats, hotels, and retail). The ratio of employees to
residents in landslide-related tsunami hazard zones ranges from 3:1 in Seward to 5:1 in
Valdez (Fig. 3). If we assume locations we identified earlier as public venues, dependent-
care populations, and community businesses/agencies could have at least 20 visitors/cus-
tomers on site during business hours, the ratio of customers at businesses to residents in
their homes in the hazard zone ranges from 3:1 in Valdez to 9:1 in Whittier (Fig. 3).
Although the number of residents, employees, and businesses in landslide-related tsu-
nami hazard zones is substantially less than in the maximum tsunami hazard zones dis-
cussed earlier, the potential for life loss is greater for landslide-related tsunamis if one
factors in evacuation travel times out of hazard zones (Fig. 5). The numbers of residents
and employees in areas where there may be insufficient time to evacuate are similar in
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Fig. 4 Maps of modeled pedestrian evacuation travel times to reach the boundary of tsunami hazard zones
in Seward, Valdez, and Whittier (Alaska, USA) relative to landslide-related tsunami hazard zones and
assuming a slow walking speed of 1.1 m/s. Map extents for each community vary considerably and are
based on the extent of resident and employee locations within the hazard zone of a community. Colors for
travel times are based on estimated wave arrival times, which is different in Valdez (2 min) from Seward
and Whittier (1 min)
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the number of employees is lower (18), but the number of residents is higher (61). Most,
but not all, of the businesses or offices with significant customer bases are located in areas
where evacuation travel times to the boundary of a tsunami hazard zone are \1 min,
suggesting that there is sufficient time. Exceptions to this where at-risk individuals may
have insufficient time to evacuate is a market and two car-rental services in Valdez, several
tourism operators along the waterfront and the harbor master in Whittier, a U.S. Coast
Guard vessel in Seward (which may or may not be in port when a tsunami occurs), three
hotels in Seward, and a university learning center in Seward (Fig. 5).
4.3 Docks and waterfronts as population hotspots
Although an analysis of population exposure using established census and economic data
yields considerable insight into potential vulnerabilities, it does not provide a complete
assessment due to the high number of tourists and seasonal workers that come to Alaskan
coastal communities for employment in the fishing industry, specific celebrations, or
general tourism, especially during summer months between May and September. For
example, the town of Seward (2010 residential population of 2,693) welcomes approxi-
mately 20,000 people to its annual Mt. Marathon run on 4th of July weekend (Erin Lemas,
City of Seward, personal communication, April 21, 2014), representing a 743 % increase
in the number of people that may be near the waterfront (e.g., sightseeing before or after
the race) in the event of a tsunami.
Seasonal fishing crew members and processing plant employees associated with the
various fishing seasons are additional population groups that could also be overlooked in
official population counts and are concentrated in waterfront areas. For example, com-
mercial sockeye salmon seasons run from May to September and can add a minimum of
2,000 people working along the waterfront in Cordova (Christa Hoover, Cordova Chamber
































































Fig. 5 Number of residents and employees in landslide-generated tsunami hazard zones as a function of
modeled pedestrian travel time to reach the boundary of a tsunami hazard zone, assuming a slow walking
speed
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State of Alaska estimates that over 31,000 people can find work in Alaskan coastal
communities on fishing vessels or in processing plants related to the commercial salmon
fisheries (AlaskaJobFinder 2014).
Another group of individuals likely to be in tsunami hazard zones are tourists brought in
weekly by cruise ships for several hours during a port of call, especially during summer
months between May and September. Various cruise ships that can accommodate
2,000–3,000 passengers include Seward, Kodiak, Whittier, and Valdez as ports of call or as
departure and arrival ports (Alaska Tour and Travel 2014). For example, one cruise ship
that can accommodate over 3,000 guests embarks and disembarks passengers from
Whittier on the same day (Alaska Tour and Travel 2014), meaning there could be 6,000
people (i.e., 3,000 tourists finishing a cruise and another 3,000 tourists starting a new
cruise) along the waterfront. This represents a 1,363 % increase in possible at-risk indi-
viduals over the normal residential population of 220 in Whittier (2010 U.S. Census
Bureau count) that may be at risk if a tsunami were to occur.
Each of these examples of tourist and employee populations represent a potential influx
of people who may have less awareness of tsunami threats and of how to evacuate to higher
ground. In addition, close-up maps of docks in each of our case study communities suggest
that these areas not only have high tourist flows but also have the highest travel times to
reach a boundary of the tsunami hazard zone in each of the communities (Fig. 6). In all of
our communities, at-risk individuals on the mainland do not have very far to go to reach
high ground and can likely reach it before estimated wave arrival. However, people caught
on docks during a landslide-related tsunami may have insufficient time to get out of
estimated hazard zones. For our three landslide-related tsunami scenarios (Fig. 6a–c),
waves would likely arrive (1 min in Seward and Whittier and 2 min in Valdez) before
people would be able to evacuate (up to 10 min on certain dock sections in each com-
munity). In Cordova and Kodiak (Fig. 6d, e), people on docks will have less of an
evacuation challenge than the other towns given the later wave arrivals from tectonically
generated tsunamis (60 min); however, the larger issue that highest evacuation times are on
the docks still remains.
5 Discussion
Understanding how individuals in coastal communities are vulnerable to tsunamis is a
critical step in understanding how to educate them on proper and efficient response to
future events. Previous efforts have framed population vulnerability to tsunamis by looking
at one credible source (typically a worst-case scenario) or at composite zones that combine
all sources to produce a maximum area of potential inundation. These assumptions may be
appropriate for guiding general tsunami outreach that strives to engage community
members and raise tsunami awareness, but may not be sufficient for providing actionable
information for specific threats. In this section, we discuss the implications of our results
on risk reduction planning in Alaska and on population vulnerability studies as they relate
to tsunami hazards in general throughout the world.
5.1 Implications for risk reduction efforts
Results suggest that the thousands of at-risk residents, employees, and customers in our
five case study communities may have sufficient time to leave modeled tsunami hazard
zones that are generated by tectonic activity (Figs. 1, 2). This, however, assumes that at-
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risk individuals recognize natural cues, understand that they are in areas prone to inun-
dation, decide quickly to initiate movement toward safety, know where to go, and have the
capacity to move. All of this suggests that effective risk reduction efforts to minimize loss
of life from tectonically generated waves in these communities may wish to focus on
education and training related to tsunami awareness, recognition of natural cues, and
evacuation procedures. Although results are promising, they should not be interpreted as
suggesting that no life loss or injury is possible from tectonically generated tsunamis in our
case study communities. Future tsunamis may have different characteristics than the
modeled scenarios, and there is the possibility of smaller waves that arrive sooner than
expected and inundate portions of the hazard zone.
For landslide-related tsunamis, education and evacuation training may be an effective
risk reduction strategy for some, but not all, at-risk populations in these smaller hazard
zones. In Valdez, 83 % of approximately 84 residents and 394 employees in landslide-
related tsunami hazard zones may only need 1–2 min to reach a boundary of the tsunami
hazard zone but waves are expected to arrive 2 min after generation. In Seward, 26 % of
approximately 107 employees and 36 residents are in a similar situation (Fig. 5). There-
fore, in both communities, well-placed signage and preparing these individuals for quick
decision making and action through sustained tsunami education and evacuation training
programs could save lives. However, not all at-risk individuals may have sufficient time to
Landslide tsunami sources
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reach a boundary of the tsunami hazard zone (Figs. 4, 5). The issue of people on docks in
Seward, Valdez, and Whittier not having enough time to evacuate was raised earlier
(Fig. 6). Other areas where evacuations from landslide-related waves may not be suc-
cessful are the Whittier waterfront (largely due to the obstacles presented by a fence
running east–west), Ammunition Island in Valdez, and the western extent of South Harbor
Road in Valdez (Fig. 4). Our results suggesting insufficient evacuation time for landslide-
related tsunamis are also supported by observations of the 1964 disaster, where the
majority of tsunami-related deaths were along the waterfront and on docks and were
associated with landslide-related waves (Lemke 1967).
While education and evacuation training still have significant roles to play in helping to
prepare at-risk populations, other risk reduction strategies may warrant consideration.
Strategic placement of vertical evacuation structures, tall buildings or mounds built in
expected flooded areas, can offer safe refuge from tsunami inundation. Added signage
indicating the direction people should travel and the amount of time they have to get out of
a hazard zone could further improve individual’s ability to understand what to do during a
tsunami event. Other efforts could include educational information on cruise ships and the
development of direct pathways to high ground from waterfront areas.
Emergency educators should note that immediate evacuations to avoid landslide-gen-
erated waves could conflict with common earthquake education and preparedness training.
An encouraged reaction to an earthquake is to ‘‘drop, cover and hold’’ under sturdy
furniture to avoid falling debris (e.g., ceiling panels, bookshelves). Eyewitness accounts of
the 1964 disaster and modeling results, however, suggest landslide-related waves can
arrive during the 3–4 min of initial ground shaking associated with a large earthquake.
Therefore, if people in areas prone to landslide-related tsunami inundation decide to drop,
cover, and hold during the earthquake, then they will have no time to evacuate. Additional
discussion is warranted among hazard educators and at-risk individuals to determine when
it may be advisable to immediately evacuate, instead of waiting for ground shaking to stop.
5.2 Implications for population vulnerability studies
Many population vulnerability studies focus primarily on residents by using population
counts from national census agencies or global population estimates (e.g., Lovholt et al.
2012), likely due to the easy availability of data, consistency in acquisition, and ability to
conduct longitudinal studies for tracking changes over time. Although this provides some
insight into at-risk population dynamics, our results indicate that people in their homes
represent the minority of people that may be in tsunami hazard zones (Fig. 3). In our five
case study communities, employees at their workplace and customers in stores (which
likely include residents that also live in a hazard zone) consistently outnumber residents at
their homes in the maximum and landslide-related tsunami hazard zones (Fig. 3). Results
suggest that although using census counts for residents at their homes may be easy because
of data availability, it may drastically underestimate the number of people that may be in
tsunami hazard zones.
A related topic that warrants additional research is gauging variations in the perceptions
and preparedness of residents versus tourists. Past efforts to gauge tsunami hazard
awareness, perceptions, and preparedness have largely focused on residents or public
officials with responsibilities tied to public safety in hazard zones (e.g., Wood and Good
2005). Our results indicate that employees and customers at businesses or organizations far
outnumber residents in the various tsunami hazard zones. Therefore, understanding how
these at-risk populations may react to future tsunamis is important. This is more of an issue
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for landslide-related tsunamis, where hundreds of at-risk individuals in hazard zones may
have enough time to evacuate prior to wave inundation (Fig. 5). For example, in Valdez,
approximately 400 employees and 200 customers are in areas that may require\2 min to
evacuate areas where landslide-related tsunami waves are estimated to arrive 2 min after
generation (Fig. 5). This is less of an issue with the tectonic tsunami hazard zone, given
that estimated travel times to reach a boundary of the tsunami hazard zone (maximum of
22 min in Valdez) are substantially less than wave arrival times (from 30 min in Seward up
to 60 min in Cordova). Employees and customers may not be as aware of what to do, but
would hopefully imitate the behavior of residents that evacuate from the tectonically
generated waves.
Results from this study also highlight potential issues with evacuation modeling efforts
that focus exclusively on where population has been assigned. For example, agent-based
modeling simulates the movement of the at-risk individual as an agent instead of focusing
on the evacuation landscape as we do in this study. Although agent-based modeling and
other microsimulation efforts are incredibly useful in providing insight on evacuation
behavior and potential congestion areas, they do not account for areas where at-risk
individuals may be at some point during the day, unless population is assigned specifically
to a location for a specific scenario. One such area prone to highly dynamic population
magnitudes are docks and waterfronts in our five coastal communities (Fig. 6), where we
reported earlier that these areas can attract thousands of tourists, because of either special
events or those related to cruise ships. This suggests the need to recognize the potential for
high-occupancy areas in communities in future microsimulation efforts, possibly as spe-
cific scenarios (e.g., tourist season in general or an annual festival), instead of only
focusing on agent locations based on existing population data.
Another issue raised by this study is the practice of relying solely on maximum tsunami
hazard zones to characterize and communicate societal vulnerability. As mentioned earlier,
previous efforts to describe societal vulnerability to tsunami hazards have largely focused
on using single events that typically represent a worst-case scenario or a composite that
combines all plausible scenarios at a given site. Wave arrival times may be known and
discussed, but not integral to an exposure analysis, which simply focuses on inventorying
the number and type of at-risk individuals in the predicted tsunami hazard zone. In our case
study communities, such an approach would lead one to conclude that Kodiak has the most
significant tsunami issues, since it has almost 3,000 employees and 1,500 residents (not
mutually exclusive populations) in the maximum tsunami hazard zone. However, wave
arrival time is approximately 60 min after generation and our results suggest at-risk
individuals are all within 10 min or less of high ground, based on a very conservative slow
walking speed of 1.1 m/s. The city of Valdez has high numbers of at-risk individuals as
well, but again, modeled travel times to reach a boundary of the tsunami hazard zone are
on the order of 25 min or less for the maximum tsunami hazard zone, with wave arrival
times of 45 min for a comparable tectonic tsunami.
An alternative way to look at population vulnerability is to focus on the ability of the at-
risk population to evacuate out of the hazard zone and not simply on the number of people
in the hazard zone. To do this, one can compare the number of people in a tsunami hazard
zone for a specific scenario to the number of people that may not have enough time to
evacuate before wave arrival (Fig. 7). In our case study communities, this comparison
demonstrates that although the maximum tsunami hazard zones in Kodiak and Valdez
contain the highest number of people (squares in Fig. 7), it is the substantially smaller
hazard zones related to landslide scenarios in Valdez, Whittier, and Seward that pose the
greatest threats to human life from a tsunami (circles in Fig. 7). In these communities and
Nat Hazards (2015) 75:1811–1831 1827
123
with these landslide scenarios, modeled results suggest there are people that could have
insufficient time to evacuate before wave arrival.
Therefore, while the landslide-related tsunami hazard zones may be smaller in size
compared to the tectonic scenarios and contain fewer at-risk people, they pose a larger
threat to life because of shorter wave arrival times (1–2 min compared to 30–60 min). This
conclusion that wave arrival time is an integral part of societal vulnerability to tsunami
hazards has implications for local outreach; for example, the potential error results from
treating all at-risk populations in a community the same way regardless of tsunami source.
To alleviate this issue, communities may decide to make tsunami evacuation maps that
recognize the different tsunami threats in a community, both in terms of hazard delineation
and time available for successful evacuations. This finding also has implications for state-
and national-level assessments and prioritizing resources that may emphasize communities
with more people in the maximum hazard zone instead of taking into account the rela-
tionship between travel time out of hazard zones and predicted wave arrival times.
6 Conclusions
The goal of this paper was to examine how population vulnerability to tsunamis varies
relative to multiple tsunami sources and subpopulations in hazard zones. Our analysis will
help public officials to better gauge population vulnerabilities in their coastal communities
and to target tsunami awareness and preparedness training. Based on our case study of
community vulnerability to various tsunami threats in five Alaskan coastal communities,
we reach several conclusions that bear on future tsunami risk reduction research and
applications in other at-risk communities.
• The number of employees and customers are consistently greater than the number of
residents in tectonic and landslide-related tsunami hazard zones, indicating the
importance of tsunami education in the workplace and at high-occupancy tourist sites.
• Travel times to reach the boundary of hazard zones associated with tectonic sources are
substantially less than estimated wave arrival times; therefore, casualties and injuries































































Fig. 7 Estimated total number
of residents or employees in
maximum or landslide-related
tsunami hazard zones compared
to the number of residents or
employees in these zones in
places where modeled travel time
to reach the boundary of the
hazard zone is greater than
predicted wave arrival time.
Arrival times are based on the
considered scenarios and on
modeling assumptions; however,
future tsunamis may exhibit
different characteristics and
smaller waves may arrive sooner
than modeled
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• Travel times to reach the boundary of hazard zones associated with submarine landslide
sources are greater than estimated wave arrival times for many, but not all, at-risk
populations, indicating the potential for life loss.
• Travel times out of hazard zones were typically highest on docks and along waterfront
areas, which is consistent with historical records of life loss during the 1964 tsunami
disaster.
• The potential for substantial visitor populations on docks and waterfront walkways
warrant their inclusion in population vulnerability assessments, even if geospatial data
are unavailable to model magnitudes.
• The common earthquake-preparedness training of ‘‘drop, cover, and hold’’ during an
earthquake may not be advisable for individuals in areas prone to landslide-related
tsunami inundation, given that waves may arrive before ground shaking stops.
These conclusions support the notion that population exposure assessments related to
tsunami hazards must recognize non-residential populations and appreciate differences in
the wave arrival times for various tsunami threats to a community. Vulnerability assess-
ments and risk reduction efforts based purely on simple inventories of residential popu-
lations in maximum tsunami hazard zones will likely underestimate the societal threat that
tsunamis pose. Failure to distinguish population exposures based on differences in wave
arrival times may also focus attention on communities with significant at-risk populations
but low life-safety issues because of the available time to evacuate; instead of on smaller
at-risk populations in smaller hazard zones that may lack the ability to reach high ground.
To fully appreciate the threat that tsunamis pose to coastal communities, managers and the
at-risk population in these communities need to understand the evacuation context for
various tsunami threats. This information not only helps local managers to develop targeted
and realistic education and evacuation efforts in the threatened community, but also helps
national policymakers in their efforts to efficiently allocate limited risk reduction
resources.
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